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I. INTRODUCTION

Since the velocity distribution provides quantitative information about the alignment of the
optics in a cesium (Cs) beam tube, and because this alignment in turn affects the final perform-
ance of the Cs frequency standard, there is a need to develop a system that measures this velocity
distribution accurately. In order to minimize the data-taking time, it was decided to automate the
measurement system. The early investigators [1,2,3] developed a method that used the pulsed
excitation of atomic beam devices that had Ramsey-type interaction regions; this allowed for the
observation of signals that were due to very narrow velocity groups. ™

Because the duty cycle of the pulsed microwave power is low, the current of the output beam
is a small fraction of the current of the CW signal. A typical beam current output for the pulsed
condition is about 0.06 nA. Therefore, long integration times are needed to measure the signals
used to determine the velocity distributions. Measurements become time-consuming, and the
accuracy and calibration of the measurement system itself become critical. Completely automating
the measurement process drastically reduces the data-taking time. An additional advantage of
automation is that one never has to make and remake the electrical connections.

Figure 1 shows the operation of the Ramsey cavity with pulsed microwave power. The veloc-
ity distribution of the beam tube detector cannot be inferred simply from the velocity distribution
of the oven, because the beam optics will modify the oven’s velocity distribution significantly, as
shown in Figure 2. Figure 2 shows a typical beam-tube velocity distribution as measured at the
detector, as well as the Maxwell-Boltzmann distribution created by the flux of atoms leaving the
Cs oven. The shape of the velocity distribution provides information about the “optical” design
and alignment of the tube, namely its reproducibility and its utilization of the Cs flux from the
oven. When the velocity distribution is known, it is possible to calculate the second-order
Doppler-shift correction for that particular beam tube; it is also possible to determine the cavity
phase shift [1,2] from additional experimental data.

Some of the major factors affecting the width of the Cs tube’s velocity distribution are as
follows: (1) wider detector ribbons will lead to broader velocity distributions, (2) smaller misalign-
ment of tube components increases the number of fast atoms detected, and (3) higher field state-
selecting magnets allow for the improved collection of faster atoms. Changes in the velocity distri-
bution with time may help to determine whether or not unwanted Cs deposits develop on sensitive
apertures and thus contribute to background signals that degrade performance. This velocity dis-
tribution provides considerable insight into the performance of Cs clocks, because the Cs tube
acts as a stable, very high-Q frequency discriminator that controls the long-term performance of
the clock. The shape of this discriminator, as determined by the Ramsey resonance curve, is
dependent upon the mean velocity and the moments of this velocity distribution.

A system has been designed and implemented to measure these velocity distributions pre-
cisely, using the pulse technique developed by Hellwig et al. [1].
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Figure 1. Operation of the Ramsey Cavity with Pulsed Microwave Power.

The design of the Ramsey dual-interaction region permits one to select the

velocity of the atomic beam by setting the period T of the microwave pulses.
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Figure 2. Cesium Beam Velocity Distribution. The Maxwell-Boltzmann
velocity distribution out of the Cs oven is shown, along with the modified
velocity distribution, selected by the beam optics, as measured at the
detector.




II. MEASUREMENT TECHNIQUE

The interaction between the atomic beam and a pulsed microwave field occurs only for those
few Cs atoms that are in the cavity interaction regions when the pulses occur. Since the time
when the atoms interact with the microwave field has an uncertainty that is set by the length / of
the single cavity region, there exists a velocity window Av (see Figure 3) that varies with the pulse
period T. The smaller the velocity window, the more precise will be the velocity measurement.
Since most of the Cs atoms experience the microwave field in only one of the two separated cavity
sections, the Ramsey resonance is small and is superimposed on a large Rabi pedestal. Figure 4
shows the spectrum for both CW and pulsed conditions. The widening of the Rabi pedestal is
caused by the reduced interaction time 7.
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Figure 3. The Velocity Window Av. The pulsed microwave power technique
measures the flux of Cs atoms for a velocity window Av.

For a pulse width 7, and a pulse-repetition period T, there will be a narrow range of atomic
velocities for which the atoms will experience resonance in both of the microwave interaction
regions. It is clear from Figure 1 that the mean velocity v of these atoms is given by
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Figure 4. Ramsey Spectrum of the Cs Beam Tube under both Normal cw
_Operation and the Pulsed Microwave Condition

The spectrum of the beam tube shown in Figure 4 is due to this class of atoms. The pulse width
Tp is chosen so that

r,<-:--—xT, )

as noted in Figure L

In general, the fastest atoms in this ensemble will travel a distance L +/ in a time of approxi-
mately T - 7p; i.e,, they will enter the left side of the left interaction region at the trailing edge of
the first pulse and will leave the right side of the right interaction region at the leading edge of the
next pulse. Then, if we call this fastest velocity vy, we obtain

V(T-17,) =L+1 . 3)

Similarly, the slowest atoms that will also experience resonance in both of the microwave
regions will leave the right side of the left interaction region at the leading edge of the first puise
and will enter the left side of the right interaction region at the trailing edge of the second pulse.
Then, if we call this slowest velocity v;, we obtain

v(T+1) =L-1 . @

The range of velocities Av for which there is interaction in both regions is then




L+l L-I 2 L\ (s,
v = T T T, T[1+(1)(T)]' %)

Then, since / < L and 7, « T for short-pulse conditions,
o=z ©)

The values of L and / for the beam tubes investigated were about 13 cm and 1 cm, respec-
tively. Then, for example, a pulse period of 1300 usec would select atoms with a mean velocity v
= 100 m/sec and a velocity spread Av = 15.4 m/sec. The measurement procedure for this short-
pulse experiment is as follows:

1 Choose a pulse period commensurate with the range of velocities that are expected.

2. Choose a pulse width less than //v. As indicated, pulse widths of 20 to 40 usec were
used in our experiments.

3. Sweep the microwave frequency through the center of the Rabi pedestal and over a fre-
quency range equal to several inverse periods UT.

4.  Change the pulse period and repeat the sweep with the pulse width kept constant.

Figure 5 shows the results for three pulse periods. For our computations we used the peak-
to-valley amplitude of each sweep’s Fourier component at the frequency UT. For the 1300-usec
spectrum, the peak-to-valley Ramsey-resonance current component I, - I, (hereafter known as
Ipy) is very nearly equal to I, - I, as marked on Figure 5. However, for the 722-usec data, I, at
1/722 psec is very small, because the spacing of the maxima is close to 1/(2 x 722 usec). The final
data set consists of pairs of pulse periods T (with an associated velocity v = L/T) and peak-to-
valley currents Ipy.

Durirg the CW operation of the tube, the number of atoms detected near resonance is a con-
volution over all velocity components and is given by

S-w) = J N(v)sin? 2br cos® 1/2(w - w)Tdv (N

where

(w - wy) is the frequency offset from ay,;

7 represents the transit time through one cavity (1 = //v);
T is the time of flight between the cavities (T = L/v);

b is proportional to the microwave field in the cavities and represents the interaction between that
field and the Cs atom (b is a constant near resonance);

N(v) = the velocity distribution function; and

N(v)dv = dN, the number of detected atoms per second moving with a velocity between v and v
+ dv. .
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Under the short-pulse conditions, 7 is replaced by the fixed pulse width 7p, with 2b7 = 7/2
for maximum signal. The number of atoms captured in a single pulse period is equal to dN times
the length of time it takes the atoms to pass through the interaction region = dNI/v = N(v)dvi/v.
Because the window width is 2//T and v = L/T, we finally obtain the number of atoms captured
in a single pulse period, which is N(v)2/?/L. The capture is repeated at every interval 7, and leads
to an average signal Ip,, that is given by

1 27
Hence
Np) = %n,, . 9)

In the long-pulse approximation in which 7, » /v, the number of atoms captured per pulse
is T,dN. Consequently,

10




I, = (’?’) dN, where dN = N(v) x% [1 N (fl'-) (’—2:) ] : (10)

The normalized velocity distribution p(v) for a tube is defined to be N(v)/N, (V) and can be
derived from the short-pulse data according to Eq. (11):

- D
) = Tl (1

Figure 6 shows the transition from short-pulse to long-pulse operation. The peak signal
(about 0.14 nA) evident in the short-pulse regime occurs when 2b7, = /2, where b is proportion-
al to the square root of microwave power. The long-pulse regime occurs when 7, > I/v (= 100

usec) and leads to a signal proportional to 7, [1 + (!'I—) (-’%) ] [see Eq. (10)]. When the veloc-

ity window exceeds the width of the velocity distribution itself, however, the signal becomes pro-
portional to 7, and tends to the normal CW value.
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Figure 6. A Plot of the Output of the Cs Beam Tube as a Function of the
Pulse Width 7}, for Two Different Microwave Powers

To determine the average velocity from the velocity distribution curve, we calculate as fol-
lows:

. [, ve()dv

average velocity = v = 2——-— (12)

[y e(v)dv

Figure 7 shows the block diagram of our pulsed microwave measurement system, interfaced
to a Hewlett-Packard model 9825 digital computer that is used as a controller and data-
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acquisition system. The microwave sweep and the setting of the pulse period are both computer
controlled. All of the data necessary to compute the velocity distribution function for a tube are
taken automatically and stored on disk. The final data reduction is accomplished by transferring
the data to an IBM model 3090 computer.
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Figure 7. Block Diagram of the System for Measuring the Velocity Distribu-
tion of the Cs Beam Tube under Pulsed Microwave Conditions

CESIUM BEAM TUBE

The peak-to-valley currents that are measured in the pulsed microwave tests are much
smaller than the I, for the CW signal, for two reasons. First, there is a low duty cycle during
pulsed operation; second, the measured currents result from only those Cs ions that are within the
selected velocity window. These small signals require long integration times to generate accept-
able signal-to-noise ratios. Thus, a velocity window of ten percent of the most probable velocity
will lead to a signal current of approximately one percent of the CW signal. For a particular Cs
beam tube (in this case tube 1), we can see from Figure 6 that when we pulse the microwaves with
a pulse width 7, of 25 usec and a peak microwave power of about 4560 uW, we then obtain a

12




maximum signal current of 0.14 nA. For each data point the integration time was about two sec-
onds. In this case the CW peak beam current was about 40 nA. For tubes with much lower cw
peak currents, the integration time could be as long as five seconds per data point.

For a typical measurement that spans a velocity range of 70 to 240 m/sec, 80 data points per
curve are taken, with 101 frequency samples per data point. An integration time of two seconds is
used for each data point and a one-second counter-gate time for each frequency measurement. To
collect all the raw data required for the velocity distribution curve take; about 6.7 hours; the data
are then processed by the IBM 3090 computer and are plotted.

13




HI. RESULTS OF THE VELOCITY DISTRIBUTION MEASUREMENTS

Velocity distribution measurements were performed on six Cs beam tubes from four differ-
ent manufacturers. Multiple measurements were made on some tubes to determine the reproduc-
ibility of the measurements.
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Figure 8. Comparison of the Experimentally Measured Ramsey Pattern
under Normal CW Operation with a Pattern Calculated Using the Measured
Velocity Distribution of Cs Beam Tube No. 1 (top)
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To verify that the velocity distribution that was measured was correct, we calculated the
Ramsey resonance curve for tube 1 by using Eq. (7) and the measured velocity distribution; then
we compared this calculated curve to the measured Ramsey resonance curve for the tube. Figure
8 shows the measured velocity curve and a comparison between the calculated and measured
Ramsey resonance curves. In general, the two Ramsey curves are in close agreement.

Figure 9 shows the plots of the velocity distributions of four other Cs beam tubes. Notice
that some of these velocity distribution widths (for tubes 1 and 2) are much narrower than they
are for others, indicating that there is a substantial amount of velocity rejection by the beam
optics. The wider velocity distributions have Ramsey resonance curves that are broader and more

CESIUM BEAM TUBE No. 2

CESIUM BEAM TUBE No. 3
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Figure 9. Measured Velocity Distributions for Four Cs Beam Tubes from

Four Different Manufacturers

damped. The width of the Ramsey discriminator decreases as the average velocity decreases, and
for a fixed average velocity the Ramsey signal increases as the width of the velocity curve
increases. Both effects improve the frequency stability of the clock. Note that in some velocity
distribution data (e.g. for tube 4 in Figure 9) there appears to be a fine structure in the data. This
structure is not really in the velocity distribution, but is caused by contributions from nearby

Zeeman transitions [1].
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Table 1 summarizes the velocity measurement parameters for five Cs beam tubes. Tubes 1
and 2 are from the same manufacturer and demonstrate the effect of manufacturing tolerances on
velocity distributions. The other tubes are from different manufacturers and show the variability
of short tube-velocity distributions among different designs. Tubes 1 and 2 were measured more
than once, to show the reproducibility of the measurement. The time interval between these mea-
surements was about three days. The table shows the average velocity # and the 50% velocity
distribution width Avsge,; these are tabulated along with estimates of the average velocity from
the measured CW Ramsey resonance curve. The CW Ramsey velocity estimate is calculated by
averaging the frequency separations of the Ramsey peaks and then multiplying this average fre-
quency separation by the cavity length L to obtain the estimated average velocity for the Cs beam.
The results show that the two different methods give answers that are in close agreement. Other
parameters are also tabulated, such as the measurement pulse width 7, the microwave power,
and so on.

Table 1. Measurement Data for Five Cesium Beam Tubes

CW DATA PULSED DATA

TUBE Ip, v Tps Ppeaks v, AvVsg, VEST: VPEAKs
No. nA nA sec W m/sec | m/sec | m/sec | m/sec
40 3.2 40 1000 103.5 23 102 99.9

1 40.0 3.2 20 1000 103.1 23 102 9g9.9
40.0 3.2 20 4280 108.6 245 102 99.9

2 4.6 1.6 20 1010 116.1 29 113 107.5
4.6 1.6 20 4050 115.6 30 113 1075

3 15.7 35 35 500 119.0 54 107 108.9
4 5.7 21 40 2000 153.0 46 144 149.7
5 207.6 47.9 20 4000 98.4 37 g2 95.7

In order to investigate the origin of the Rabi pulling in a sixth Cs beam tube, we measured
the individual velocity distributions for each of the Ramsey curves of the seven Cs transitions.
This Cs beam tube exhibited Ramsey curves with high signal-to-noise ratios for all of the seven
transitions, as shown in Figure 10. Ramsey curves are usually highly attenuated on the outer
Zeeman transitions, because C-field inhomogeneities broaden the spectrum. Consequently, this
particular tube has a very uniform C-field and permits the measurement to be made.

Figure 11 shows the plots of all seven velocity distributions. The velocity distribution of the
main Ramsey transition is shown by itself, but the velocity distributions of the upper and lower
Ramsey transitions are superimposed; for example, the velocity distribution of the first higher-
frequency transition is compared with that of the first lower-frequency transition, and so on.
Note that the higher-frequency velocity distribution is shifted above that of the lower by about 3
to 4 m/sec for each of the pairs. Apart from this shift, we can see that there is very little differ-
ence between these paired velocity distributions. This implies that the effects of Rabi pulling
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should be small. This was confirmed in our earlier study [4), which showed the effects of micro-
wave power variation on the output of the standard using this tube, as shown in Figure 12. The
maximum frequency offset was only 3 x 10712 for a + 3-dB change in microwave power, and the
C-field could be changed over a wide range without affecting the standard’s dependence on
microwave power level.
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Figure 10. The CW Ramsey Patterns of the Seven Zeeman Transitions in a Cs Beam Tube
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Figure 12. A Plot of the Change in Frequency of Cs Standard No. 6 as a
Function of its C-Field for a CW Microwave Power Change of + 3 dB above
the Opti)mum Power Level (the Power Level that Results in Maximum Beam
Current
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IV. SUMMARY

We have constructed an automated pulsed microwave measurement system to measure the
velocity distributions of Cs atoms in Cs beam tubes. Measurement data on six Cs beam tubes
from four different manufacturers are presented. Computer control enables the data to be col-
lected efficiently and turns this technique into a simple tool for beam tube evaluation. We have
illustrated the usefulness of this technique with three examples: (1) a comparison of two tubes
taken from the same manufacturer to demonstrate the effect of manufacturing tolerances, (2) a
simple comparison of the velocity distributions of tubes from different manufacturers, and (3) a
measurement of velocity distributions for different Zeeman transitions and the correlation of
those distributions with Rabi pulling. The technique augments other methods for characterizing
beam tubes, and can help in the selection of criteria for acceptable velocity distributions.
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